In this study, we demonstrate a solar cell design based on horizontally aligned microwires fabricated from 99.98% pure silicon via the molten core fiber drawing method. A similar structure consisting of 50 µm diameter close packed wires (≈ 0.97 packing density) on a Lambertian white back-reflector showed 86 % absorption for incident light of wavelengths up to 850 nm. An array with a packing fraction of 0.35 showed an absorption of 58 % over the same range, demonstrating the potential for effective light trapping. Prototype solar cells were fabricated to demonstrate the concept. Horizontal wire cells offer several advantages as they can be flexible, and partially transparent, and absorb light efficiently over a wide range of incident angles. 
Introduction
The continued interest in reducing the purity requirements, kerf losses and quantity of the base material for silicon solar cells has led to the investigation of a wide range of micro and nanostructured solar designs. One such design is the vertically aligned nanowire/microwire cell which has emerged as a promising candidate for achieving high conversion efficiencies at a low cost [1] [2] [3] [4] [5] [6] [7] [8] . The majority of these solar cells consist of vertically aligned microwires with diameters D from ∼ 1 µm up to ∼ 30 µm. These are fabricated using vapor-liquid-solid growth (D ∼ 1 µm) [5-7, 9, 10] , deep reactive ion etching (D ∼ 10 µm) [3, 4] , high pressure chemical vapor deposition (D ∼ 10 µm) [11] , and molten core fiber drawing (D ∼ 30 µm) [2, 12] , and utilize a radial junction on the cylindrical surface of wires.
Two arguments are commonly used in favor of microwire radial junction devices. First, the design allows decoupling of the light incidence and carrier collection directions [13] , and second, arrays of vertically aligned wires with a large aspect ratio can achieve a high absorption per unit volume of silicon [14] . The former argument implies that radial junction devices can be made from a low purity material with short minority carrier diffusion lengths, while the latter implies the need for less silicon than conventional planar solar cells. For large diameter wires the collective area of the top surface becomes comparable to that of the sidewalls [2] [3] [4] . This surface then requires standard anti-reflection treatment in order to achieve high absorption and thus negates the light trapping advantages of the radial design. As it is favorable to fabricate radial junction solar cells from wires with a low surface to volume ratio and diameters comparable to the minority carrier diffusion length [13] , alternative wire based solar configurations that can successfully utilize ∼ 10 µm diameter microwires with a radial junction while maintaining high light absorption are of interest.
Horizontal assemblies of (>10 µm) microwires can be used to make solar cells, similar to the µ-cell design [15] , by fabricating radial junctions and placing electrodes along the length of the wires [ Figs. 1(a) and 1(b) ]. When made from wires produced in macroscopically long lengths, the radial junctions and the electrodes could be fabricated periodically along the length of the wires. While not realizing the increased surface area for charge collection [16] [17] [18] or resonant behavior [10] of nanowires, such a design would largely eliminate kerf and polishing losses, reducing the amount of silicon used compared with conventional wafer-based cells. Minority carrier extraction lengths will still be short, and if adequate light absorption is possible, this design has distinct advantages. The horizontal wire design was earlier proposed by Kelzenberg, et al. [14] , and Zhang, et al. [19] , but the small dimensions of the wires present contact-forming challenges and the diameter of the vapor-liquid-solid-grown wires impose a limitation in terms of low absorption values for single layers. The advent of larger diameter high pressure chemical vapor deposition structures and bulk quantities of molten core drawn wires overcomes this limitation, making it timely to re-evaluate the design.
Here we present a horizontally aligned silicon radial junction design based on microwires produced using the molten core fiber drawing method. The light trapping possibility of the structure has been assessed through simulations and experiments and the potential for realizing flexible and partially transparent solar cells has been investigated. Multi-wire assemblies have been fabricated and their performance has been evaluated through current-voltage and optical measurements. This proof-of-concept solar cell was not optimized, but demonstrates the light gathering principle, and a process that can lead to production of flexible solar cells from silicon formed directly from the melt into the shape needed for cell production.
The horizontal wire array
An example of the horizontal silicon microwire solar cell design is shown in Fig. 1(a) where wires are placed on a substrate with a spacing of 1.5 times the diameter of the wires. The contacts to the semiconductor-junction can be fabricated as shown in Fig. 1(b) , where the dark region represents the p-type crystalline core and the lighter green region is an n-type emitter. In the case of a heterojunction, the emitter and base can be separated by thin intrinsic layer [inset in Fig. 1(b) ]. For longer wires the electrode structure can be repeated with a periodicity determined by optimization of the device resistance, Auger recombination and other factors. For normally incident light on specular surfaces, some light will be lost to back reflection or transmission [ Fig. 1(c) ], depending on the nature of the substrate, making the cell performance and transparency dependent on the packing fraction of the wires. As an avenue for increasing the light absorption in opaque designs, the wires can be placed on a Lambertian reflector so that light passing between the wires can be intercepted by a wire after reflection. This geometry can be further optimized by embedding the structure in a transparent medium with a textured surface in order to scatter the light into the wires more efficiently [ Fig. 1(d) ].
Silica-clad silicon microwires were fabricated using the interface modifier described by Nordstrand, et al. [20] , via the molten core fiber drawing method [2, [21] [22] [23] ] employing a conventional fiber tower. Bulk quantities of wires with a silicon core to silica clad outer diameter 
Optical measurements and simulations
The optical absorption for the design was measured experimentally using assemblies of glasscoated silicon wires, as shown in Fig. 3 (a), embedded in epoxy. The wires used to make these assemblies were made from solar grade n-doped silicon (ρ = 0.130-0.145 Ω cm) and had silicon core diameters measuring 50 µm ± 2 µm where the high uniformity originated from the wires all having been made in a single continuous draw. The assembled samples were mounted inside an integrating sphere and irradiated by light between 650-1100 nm with a bandwidth (FWHM) of approximately 50 nm at 750 nm. The portion of the light not absorbed by the structure − i.e. the reflected and transmitted components (R and T ) − illuminated the sphere walls and was measured using a silicon detector mounted on a sphere port. The measured quantity R + T was normalized to a Lambertian reference sample (Labsphere 6080 white reflectance coating on glass) with reflectivity between 95-98% over the measured spectral range, to account for any spurious losses. The sample absorption is thus approximately 1 − R − T . Samples for optical measurements were constructed by placing the glass-clad silicon wires adjacent to each other, with an average center-to-center distance (d), to make arrays larger than the 2 mm measurement beam. The packing fraction of silicon was varied by etching the glass cladding with HF acid for different amounts of time. This approach was chosen instead of fully stripping the cladding and subsequently assembling a structure as it allowed for increased accuracy in controlling the distance between the wires. The wires were embedded in an optically transparent epoxy (EPO-TEK ® 301), which has a refractive index similar to silica. The absorption of the samples with various d-values was measured both with and without a Lambertian back-reflector (Labsphere 6080) for 0 • and 45 • incidence. For the samples measured without the back reflector the epoxy acted as the substrate as shown in Fig. 1(c) . The sample absorption values (1 − R − T ) at a center wavelength of 750 nm are shown in Fig. 3(b) as a function of wire packing fraction F (wire diameter/center-to-center distance d). At normal incidence, without the back-reflector, the absorption scales roughly linearly with packing fraction below F = 0.2 with a decreasing slope as F approaches unity. Adding the back-reflector, the absorption shows a similar trend but with an overall increase of about 10-15% absolute and an asymptotic behavior as F goes towards unity. This results in an absorption of ≈ 86% for F = 0.97, while a reduction in F to 0.35 only reduced the absorption to ≈ 58%. The small reduction in absorption between F = 0.97 and F = 0.35 suggests efficient light trapping in our structures, compared to for example µ-cells, where the light absorption scales approximately linearly with packing fraction [15] . For an incidence angle of 45 • without the back-reflector, a slight increase in absorption is seen over the normal incidence case, mainly because the array presents an effectively higher packing fraction. With the back-reflector in place, the light is more effectively coupled into the silicon even at normal incidence, and little change is seen when the incidence angle is changed. The measurements were repeatable to within ±2 %, re-inserting and aligning the same sample. For the F = 0.97 case (fully-stripped wires) the ≈ 2 mm beam overfilled the sample at 45 • incidence, thus this data point is omitted.
A self-consistent approach similar to that described by Gee [24] was used to model the performance of the wire arrays at 0 • incidence as a function of F. The underlying assumptions are that there is randomization of the ray direction at the Lambertian reflector and silicon surfaces, and that total internal reflection occurs for those rays scattered into angles greater than the critical angle for the epoxy. This leads to light trapping. The array reflection and transmission coefficients shown in Fig. 3(c) were calculated using the optical constants of Si at 750 nm, assuming the wires were embedded in a medium of refractive index n = 1.5. Direct wire-towire coupling of light was neglected for simplicity, such that R array = R Si F, and T array = 1 − F, where R Si is the weighted angular average of Si reflectance. The reflectance of the outer epoxyglass surface R ext was assumed to be 4% and the internal surface reflectance R int = 0.57 was calculated assuming the reflected light from the silicon (and backreflector) is isotropic, following Gee [24] . The back-surface reflectance was 97% for the Lambertian coating, and 57% (R int ) without the back-reflector. As the structures are too large to give interference effects, the intensities I 1−4 shown in Fig. 3 (c) can be expressed as:
For the modeled wavelength of 750nm, the absorption length is ∼1 µm, so no light is transmitted through the wires, losses are purely reflective, and no diameter dependence is expected within the range of the wire sizes studied. In our model, we assume some randomization of the direction of the reflections, and the results are comparable to a slab of the same thickness, depending on the surface condition of the slab. The model does not account for inter-wire coupling, but in the case of the short wavelengths, these effects are expected to be negligible. The array absorption is A array = (1 − R array − T array ) (I 1 + I 4 ), and this curve is plotted with and without a back-reflector in Fig. 3(b) . The model reproduces the behavior of the experimental data without a backreflector, and provides a reasonable fit to the data with the Lambertian backreflector. The value used (0.97) for the Lambertian surface reflectance may be an overestimate since the reflector was characterized in air, but was covered by epoxy in the array measurements. This would lead to an overestimate of the absorption at low F, since I4 is a direct function of the back surface reflectance, and is more influential at low F.
Prototype solar cell
Prototype multi-wire solar cells ≈ 2 mm long, based on the intrinsic thin layer (HIT) design were fabricated from 6-8 wires with diameters of ≈ 50 µm [Figs. 4(a)-4(d) ]. The wires used for making the prototype solar cells were made from p-type upgraded metallurgical silicon and originated from a series of different fiber draws giving them a diameter variation of ∼ 30%. The wires were the same as described in [12] and for more information the reader is referred to this publication. Wires fully stripped of their silica cladding were mounted with epoxy close packed (≈ 0.97 packing density] on a silicon nitride coated glass substrate [ Fig. 4(c) ) and then cleaned using a piranha solution (3:1 H 2 SO 4 :H 2 O 2 ) followed by 5% HF acid before the contact to the ptype core was applied through e-beam evaporation of 500 nm aluminum under a vacuum better than 10 −7 torr. The piranha etch was kept short (∼ 2 s) in order to clean the exposed parts of the wires, illustrated in Fig. 4(c) , without over-etching the epoxy and removing the wires from the substrate. To fabricate the junction, the area of the wires contacted with aluminum was masked using photoresist followed by an HF acid dip (5 % HF) and subsequent deposition of A relatively thick amorphous layer compared with that used in standard planar HIT-cells [25, 26] was applied to ensure full coating of the areas of the silicon surface close to the wire edges. The amorphous emitter was subsequently contacted using 80 nm of sputter deposited indium-tin oxide (ITO ρ = 1.7·10 −3 Ω·cm) deposited in an 5 mTorr ambient consisting of 2% oxygen in argon at a substrate temperature of 100 • C. Lift-off of the photoresist and ITO from the aluminum contact regions was then performed and the solar cells were measured at room temperature under AM 1.5G illumination using an indium-gallium eutectic for a contact to the ITO. The resulting I-V curves from the ≈ 2 mm long 6 wire champion cell taken under dark and illuminated conditions are shown in Fig. 4(e) . Normalized to the illuminated area (cross sectional area of the cell), the cell showed a V oc of 400 mV, a J sc of 17.4 mA·cm −2 and a 0.51 fill factor, resulting in a 3.5% conversion efficiency. While the cells were fabricated on a rigid glass substrate, it is worth noting that the low temperature processes and pliable wires [ Fig. 2(d) ] are compatible with a polymer substrate. Extension of this fabrication method to formation of flexible solar cells may thus be possible.
Discussion
In the demonstrated solar device structure the wires were mounted close-packed onto a glass substrate using epoxy (illustrated schematically in Fig. 4(c) ), resulting in the p-i-n-junction, and thus surface passivation, only being applied to approximately half of the wire surface. Earlier measurements of the recombination velocity on similar wires showed a reduction from ∼ 10000 cm·s −1 for non-passivated surfaces to ∼ 500 cm·s −1 for surfaces passivated with intrinsic amorphous silicon [12] . This is believed to be the main cause of the low observed V oc . The fill factor of 0.51 is indicative of a high series resistance together with the presence of non-infinite shunt, with the former partly caused by the relatively resistant ITO layer (∼ 1 Ω·cm 2 per mm) and the contact resistance (measured to ≈ 0.5 Ω·cm 2 ). With a wire resistivity of 0.3-0.9 Ω·cm [12] , the series resistance contribution from the wires themselves is between 0.06 and 0.18 Ω·cm 2 , and thus negligible compared with the other values in this device. In order to interpret the observed J sc , the absorption performance of the F = 0.97 structure, a similar but larger version of the structure presented in Fig. 3(b) , was measured as a function of wavelength at 0 • incidence without a Lambertian back reflector (red curve in Fig. 4(f) ).
Extrapolated values of the absorption were used below 650 nm. Assuming a 100% internal quantum efficiency (IQE), the measured absorption was weighted by the solar spectral photon flux density in order to obtain the upper bound on the J sc for this geometry. The resulting value for the cumulative J sc as a function of wavelength is shown in Fig. 4(g) . Based on the measured absorption, the calculated maximum J sc for the F = 0.97 structure without a back-reflector was ≈ 29 mA·cm −2 (external quantum efficiency (EQE) of ≈ 67 %), a value comparable to that obtained for ultra-thin planar silicon wafers [27] . The measured value of 17.4 mA·cm −2 , which includes parasitic absorption of light in the ITO and amorphous layers, then gives a lower bound of 0.6 for the IQE in this prototype device.
A similar measurement performed with a back-reflector (assuming an IQE = 1) for F = 0.35 and F = 0.97 resulted in J sc -limits of 22 mA·cm −2 and 33 mA·cm −2 respectively. These correspond to an EQE of 0.5 and 0.75 respectively, indicating that a reduction in silicon of ≈ 64 % only reduces the integrated light absorption by ≈ 33 %. Figure 4(f) shows that the single wavelength absorption values presented in Fig. 3(c) agree well with the spectral absorption up to around 850 nm [ Fig. 4(h) ], but from 850 nm to the band gap (≈ 1100 nm) the absorption drops off for both configurations. The addition of an anti-reflective coating, together with improved randomization of the light inside the structure from more Lambertian-like front and back surfaces, or the introduction of scattering centers in the host matrix may be expected to further increase the overall light absorption of the structure.
The size of the prototype fabricated was limited by the availability of stripped microwire cores, but was adequate to demonstrate the fabrication principle. Scale-up could potentially be realized by employment of filament winding equipment used for layup of fiber-glass-reinforced materials or other textile equipment.
Conclusion
In conclusion we have shown that horizontally aligned silicon microwires produced via the molten core fiber drawing method have the potential to be employed as viable solar cells. The efficiency of the presented prototype was low due to the lack of process optimization, with surface recombination and series resistance believed to be the main limiting factors. However, the close packed array was shown to absorb ≈ 86 % of the light for wavelengths up to about 850 nm while a reduction of the packing fraction to 0.35 only reduced this absorption to 58 %. The horizontal structure shows similar absorption both for 0 • and 45 • incidence, suggesting that the light absorption in this design is largely independent of the incident angle.
